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In this research a geostatistical approach was considered: the relationship Q e versus Q c is supposed as a regionalized phenomenon (7 ) . The strength of this approach is that the collected data do not represent a sample of random values. Rather, they are a punctual manifestation of a phenomenon regulated by a specific law (expressed by the correlation between collected data). This recognition allows the realization of interpolation on the basis of the real law of the phenomenon (8) . First, available Q c values are identified and, once the correlation law between the available data has been defined, the interpolation technique allows each unknown Q e value to be predicted by considering only the experimental values that exercise a real influence.
This paper is divided into four parts. The first part briefly summarizes some of the international models with Q e versus Q c . The second part describes the data collected to calibrate the proposed model. The third part describes the development of the proposed predictive model obtained by geostatistics. The final part summarizes the main conclusions of the study and briefly discusses its future development.
EXISTING MODELS
Several models in the literature calculate the relationship between Q e and Q c for conventional roundabouts. Some of them are considered in this paper for purposes of comparison with the results reported here.
NCHRP Report 572 (3) proposed an exponential regression model, which is actually a gap-acceptance model, for single-lane and two-lane roundabouts. Entry capacity at single-lane roundabouts is expressed by the following:
Entry capacity at two-lane roundabouts is shown by the following formula (1): where Q e is the entry capacity on every leg in passenger car units/h (pcu/h) and Q c is the conflicting flow (pcu/h).
A procedure in the Highway Capacity Manual indicates that the capacity of a roundabout can be estimated by using gap acceptance techniques with the basic parameters of the critical gap and follow-up time. The procedure underlines the general assumption that the performance of each leg of a roundabout can be independently analyzed from the other legs; consequently, most techniques tend to use the information from one leg only. In the Highway Capacity 
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The number of roundabouts on roadways has been increasing. Italy, for example, has seen a significant increase in the use of roundabouts (as have many other European countries) in recent years. This increase in roundabouts is attributable mainly to their exceptional performance. If properly designed, roundabouts provide more safety under certain traffic flow conditions and roadway geometries than do other, conventional intersections. For that reason, many intersections have been converted into roundabouts, most of which consist of a single lane or two. Roundabouts appear in both rural and urban areas.
Sufficient literature is available to calculate the performance of roundabouts, and a substantial number of models have been built. Many of the existing models allow the entering flow value (Q e ) to be obtained as a function of the circulating flow value (Q c ) (1) (2) (3) (4) (5) (6) . Each of these models expresses the relationship between Q e and Q c with a specific trend (i.e., linear, quadratic, or exponential), which is the same for every Q c value within the range of 0 ÷ 1,600 [pcu/h].
Manual (2) , the approach capacity is estimated by using the following formula:
where Q e = approach capacity (pcu/h), Q c = conflicting flow (pcu/h), t c = critical gap (s), and t f = follow-up time (s).
The recommended ranges of values of the critical gap and followup time are as follows:
• Upper bound: critical gap = 4.1 s and follow-up time = 2.6 s and • Lower bound: critical gap = 4.6 s and follow-up time = 3.1 s.
One of the German methodologies that calculates Q e as a function of Q c is expressed by a linear equation (3) , which is where Q e is the entry flow capacity (pcu/h) and Q c is the circulating flow rate (pcu/h).
C and D depend on the number of entry and circle lanes. For this study, it was assumed that Similar models exist elsewhere [e.g., in Switzerland, France, and the United Kingdom (4-6)]. Some of the models, such as the British models, exhibit a trend that is much higher than other models and which is outside the data set range explored in the research described in this paper. To keep to a reasonable length, this paper does not describe such models further. 
All of the above-mentioned models, which are built by a statistical regression among locally collected data (Figure 1 ), express the Q e as a function of Q c . The six models are quite similar for low Q c values (the minor differences can probably be attributed to different driver behavior in different countries), in contrast to high Q c rates for which the differences are more evident.
DATA COLLECTION
For the study reported here, an extensive data collection (which amassed more than 20,000 observations) was carried out to acquire data on the variation of the circulating flow with entering flow both in standard and nonstandard legs. Nonstandard legs were defined as those without deflection in the entries section ( Figure 2 ).
Traffic volume data were collected for each leg of several roundabouts. Only urban roundabouts (in Cagliari, Italy) were taken into account. Generally, the chosen roundabouts had the following geometric features: 
FIGURE 2 Examples of a nonstandard and a standard leg (9).
into account the influence of heavy vehicles, a procedure was adopted to estimate flow, which consisted of converting all traffic flows (for each time gap) into pcus.
STATISTICAL TREATMENT OF DATA
Data analysis and statistical regression (both linear and exponential) were performed to determine whether the data used for the geostatistical modelization were comparable to those of the existing international models. Figure 3 shows the relationship Q e versus Q c for standard legs. The exponential model to express that relationship is
The collected data were fitted by using a linear regression, too, and the equation is where Q e is the entry capacity (pcu/h) and Q c is the conflicting flow (pcu/h). Figure 3 shows the trends of linear (light blue dotted line) and exponential (dark blue dotted line) models that are built by using classical statistical techniques; a comparison also is possible between international models and the statistical model described here. The standard roundabout legs in this statistical model show a relationship between Q c and Q e that is similar to the relationship in the existing models. The slight differences are related to the behavior of drivers in different countries. 
Unlike standard legs or the international models, Figure 4 shows that Q e stays nearly constant for each Q c value. In fact, for low and high volumes of Q c , nonstandard legs produced low-constant Q e values. In the case of tangent legs, the Q e value should have been higher than the value for the standard legs. That was not the case. It appears that geometric features do not influence the Q e values, which seem to be linked only to local characteristics.
Q e values also were constant for high Q c values because of the forced entering maneuvers of drivers. In fact, nonstandard geometry (i.e., legs without deflections) allows drivers that are coming from a tangent leg to force their entry into the roundabout. Thus, Q c stops to give way to Q e .
GEOSTATISTICAL TREATMENT OF EXPERIMENTAL DATA
In all scientific fields, experimental data analyses and processing are important. In fact, in most cases it is necessary to start from a limited set of collected data in order to reconstruct the phenomenon of interest within its existing domain (not necessarily coincident with the whole data domain). To do that, the enlargement of the sampling mesh may not represent the best solution: investigation time and costs, or in some cases, the inaccessibility of measurement points can hinder the feasibility of research choice. In practice, therefore, researchers try to maintain as low as possible the number of observations, and proceed to create representative models of the phenomenon in their studies.
Among the available alternatives, geostatistical analytical and interpolation techniques have assumed high importance in all branches of engineering science that require experimental data processing instruments. These techniques, now implemented in all of the most common software (e.g., Surfer and ArcGIS) are developed on the basis of correlation studies of collected observations and on the use of related law to make the interpolation. observations allows an interpolation to be carried out on the basis of the real law of the phenomenon. Geostatistics was born last century in the mining field, on the basis of the theories of Georges Matheron, Danie Krige, and Herbert Sichel as science for providing tools for the evaluation of mineral deposits. Since then, much progress has been made in the development of geostatistical techniques of analysis and interpolation. For this reason, geostatistics has become an extremely powerful tool for studying and modeling spatial and temporal phenomena.
Geostatistics supplies a collection of techniques that addresses the study of a spatial correlation between the experimental values of a specific variable, to estimate values in unknown points within the phenomenon's existing domain (10) (11) (12) .
In the research described in this paper, classical geostatistical tools were used in an innovative way to study the correlation law, first between Q e and Q c (which are not spatial or temporal coordinate values) and then to use the law to interpolate available data.
A geostatistical analysis consists primarily of the following steps:
1. Estimate spatial correlation between measured observations. Such analysis is carried out by construction of an experimental curve ( Figure 5 ) that expresses the correlation between collected data. This relationship (or more precisely, the variability of the size studied) is represented by the function of the experimental semivariogram ( Figure 5 ) defined by the equation where γ(h) represents the error that would be made if the unknown point was replaced with the collected data at the definite distance (11). 2. Model the experimental semivariogram by using one of the theoretic models ( Figure 6 ) of a well-known equation that fits the trend of experimental semivariogram, which, as already stated, represents the phenomenon law. Calculate and model the experimental semivariogram to obtain important information about the phenomenon under examination and also so that it can serve as the basis by which to define the values of the unknown points.
3. Define the variable parameters of the phenomenon that is undergoing study. This step is necessary to identify uniquely the phenomenon law and to obtain the best fit between the experimental and theoretical semivariograms. As shown in Figure 7 , these parameters are the following: -The nugget effect, which represents the value of the semivariogram for pairs of observations separated from distances close to zero; -The range, which represents the distance, measured along the horizontal axis, where the curve of the semivariogram tends to flatten, or rather, beyond which the data become totally independent. For this reason, all values beyond this limit with respect to the unknown point are not considered during interpolation; and -The sill, which corresponds to the value of the semivariogram reached at a distance equal to the range. 4. Estimate the unknown values and error calculation associated with the geostatistical linear interpolation known as "kriging" (11) . The kriging technique is able to obtain a goodness of interpolation
Var ( ) otherwise difficult to achieve with other techniques. With regard to classical interpolation techniques, the kriging advantages are mainly the following: -Estimation procedure is on the basis of the real correlation law between the data (represented by the experimental semivariogram); -Interpolation leads to unique solutions; -Interpolation of data is exact (i.e., interpolation returns the experimental value in the case of measured point estimation) and is also able to give the estimated variance for each calculated value (in this way, it is possible to build both the phenomenon map and the estimation error map at once); and -Results depend only on the model of the semivariogram (from the distance between sampled points and the unknown point to estimate) from sampling geometry and not from measured values. For these reasons the kriging is defined as the best linear unbiased estimator. Once the variographic parameters are defined, interpolation of available data is conducted with the kriging method. From a mathematical point of view, the kriging estimation technique is defined by Equation 10 where Ẑ x = the unknown point value, Z(x i ) = each measured value to be considered for the interpolation, and λ i (x) = appropriate weights, which depend on the position and distance of each of these points from the unknown point, and which satisfy the following condition Figure 8 illustrates the kriging concept and provides insight into its potential. In summary, the kriging technique allows the enlargement of a cloud of data by using the information provided by the data that were actually collected.
5. Provide representations (e.g., contour maps, block maps) of the results, which depend on the type of data and the use of results. This procedure must be carried out after processing the data, because the kriging results are represented by a matrix of numerical values that is difficult to read by those who do not possess the specific know-how.
GEOSTATISTICAL ANALYSIS RESULTS
The preliminary geostatistical study and successive application of the kriging technique were conducted on imaginary grids composed of linear grids of points with the following coordinates:
• Q c (pcu/h), Q e (pcu/h) for the construction of the model that expressed Q e versus Q c on standard legs and
• Q c (pcu/h), Q e (pcu/h) for the construction of the model that expressed Q e versus Q c on nonstandard legs.
Model Q e ‫؍‬ f(Q c ) on Standard Legs
As shown on the left side of Figure 9 , the experimental semivariogram modelization was conducted with the following parameters:
• Theoretical model: Gaussian model and • Variability parameters:
-Nugget effect = 89,000, -Sill = 73,300, and -Range = 423.
The modeling was conducted by choosing the best-fitting theoretical model to describe the general trend of the experimental semivariogram and to further estimate variographic parameters by using the least square criterion. Figure 9 (right part) represents the result of a kriging interpolation carried out by using the previously defined parameters. In observing the trend, some considerations were taken into account.
The trend of a model on a geostatistical basis depends on the Q c values, whereas other models suggested by the international literature have only one trend for every flow capacity value. This demonstrates that the a priori choice of regression type (linear, quadratic, or cubic) could produce dangerous errors in the evaluation.
In Figure 10 , it is evident that the Q e versus Q c trend can be divided into three parts as follows:
1. When Q c values are lower than 200 pcu/h, any further increases in Q c imply that Q e values remain constant. In this range, no specific 2. When Q c values are greater than 1,500 pcu/h, the Q e does not change if the Q c values increase. In fact, when the Q c is high, the entering flow probably forces entrance maneuvers. In this case, the roundabout often works like a normal intersection, in which drivers that are coming from another leg can force their way in, and thus cause the circulating flow to stop and give way to the entering vehicles. This research confirms the findings of other studies in which a specific model often has validity, between a given minimum and maximum Q c independently by country (1, 2, 5, 6 ). As evident in Figure 10 , it is not easy to define, without further studies, the exact limit between one range of variation and another within 200 pcu/h ≤ Q c ≤ 1,500 pcu/h. Further studies are needed and, in fact, such research is in progress.
A first analysis was conducted on the basis of analytical geometry. The trends that have resulted from this study are significant: at least three variation fields of the modelization of Q c versus Q e were found within 200 pcu/h ≤ Q c ≤ 1,500 pcu/h. As shown in Figure 10 , on the basis of the data in the range 200 ÷ 1,500 pcu/h, the geostatistical study underscored the existence of three subdomains.
1. For 200 pcu/h ≤ Q c ≤ 400 pcu/h, the trend was decreasing.
2. For 400 pcu/h ≤ Q c ≤ 1,250 pcu/h, the trend seemed constant, or subject to a quasi-increase, but other studies are needed to validate that 3. For 1,250 pcu/h ≤ Q c ≤ 1,500 pcu/h, the trend was decreasing with a slope similar to the one for the 200 pcu/h ≤ Q c ≤ 400 model.
The enormous potential of data analysis through geostatistical techniques has led to the discovery that the relationship between Q c and Q e within 200 pcu/h ≤ Q c ≤ 1,500 pcu/h varies with the value given by the circulating flow. This is probably related to the fact that the magnitude of change causes variations in the flow, which affect the behavior of drivers in roundabouts. For strong circulating and entering flows, for example, the last one forces the entrance maneuvers.
These conclusions would not be underscored with the use of statistical regression techniques that do not take into account the changes in trends by using a single regression model (whether it is linear or exponential) and use only an a priori choice of regression type, which can cause a dangerous mistake in assessment.
Model Q e ‫؍‬ f (Q c ) on Nonstandard Legs
As shown in Figure 11 The results were abnormal: the environmental conditions appeared to influence the relationship between circulating and entering flows.
Unlike standard legs, or those of the international models, geometric characteristics did not influence the flow values; this result seemed to be linked to local features. Nonstandard features (in this case, tangent legs) allow drivers that are coming from a tangent leg to force their way into the roundabout, which causes the circulating flow of traffic to stop and give way to the entering flow.
CONCLUSIONS
Intersections are dangerous places in road systems because of the high number of conflicting points between motorized and nonmotorized vehicles. In the case of defined traffic volume, several research groups have proven that roundabouts reduce the number of injuries and fatal accident cases. In recent years, many countries have adopted roundabouts as a standard design solution for both urban and rural roads.
Researchers have investigated the performance of roundabouts with different models that can calculate the entering flow (Q e ) as a function of the circulating flow (Q c ) of traffic. All of these models have been constructed by using statistical regression techniques. Currently, no research group has used geostatistical analysis techniques, even though the techniques are largely used in many other fields of research in the engineering sciences.
An applied geostatistical approach starts from the consideration that, in this field of research, the collected data cannot represent a random sample of values. Rather, the data items must objectively relate to each other under a precise law: the phenomenon law. The study of the law between observations allows the realization of a interpolation based on kriging among collected data and the definition of models Q e versus Q c for both standard and nonstandard legs. For standard legs, the kriging application resulted in the following findings:
• Confirmed that Q e versus Q c does not exist within [0, 200] e [1, 500, 2000] which supports the existing international literature, and
• Underscored that the relationship between Q c and Q e within 200 pcu/h ≤ Q c ≤1,500 pcu/h cannot be expressed by one trend only (such as that in the international models) but by two or three trends.
For nonstandard legs, the kriging application resulted in the following findings:
• Showed that geometric features do not influence the flow values, which seem to be linked to other local features, and
• Showed that nonstandard features (i.e., tangent legs) allow drivers that approach from a tangent leg to force their way into the roundabout.
The implications of this research have led to its continuation. Work is still in progress to understand the phenomena that influence the Q e versus Q c relationship and to validate the obtained results.
